In physiological conditions, heart period (HP) affects systolic arterial pressure (SAP) through diastolic runoff and Starling's law but also vice versa holds as a result of the continuous action of baroreflex control. The prevailing mechanism sets the dominant temporal direction in the HP-SAP interactions (i.e. causality). We exploited cross-conditional entropy to assess HP-SAP causality. A traditional approach based on phases was applied for comparison. The ability of the approach to detect the lack of causal link from SAP to HP was assessed on 8 short-term and 11 long-term heart transplant (STHT and LTHT) recipients (i.e. less than and more than two years after transplantation respectively). In addition, spontaneous HP and SAP variabilities were extracted from 17 healthy humans (aged from 21 to 36 years, median=29 years; 9 females) at rest and during graded head-up tilt. The tilt table inclinations ranged from 15 to 75 degrees and were changed in steps of 15 degrees. All subjects underwent recordings at every step in random order.
INTRODUCTION
Heart period, usually assessed as the temporal distance between two consecutive R peaks on the ECG (RR), and systolic arterial pressure (SAP) interact in closed loop (37) . Indeed, RR changes cause SAP variations according to diastolic runoff and Starling's law but, in turn, SAP changes, sensed by baroreceptors, induce RR changes through activation of baroreflex. The prevailing mechanism sets the dominant temporal direction in the RR-SAP interactions (i.e. causality) at any given frequency. The issue of causality is relevant because it suggests the mechanism governing the RR-SAP relationship. For example, in presence of a dominant causal direction from SAP to RR, it can be hypothesized that RR variability is largely the result of the baroreflex activation. Conversely, in presence of the reverse causality (i.e. from RR to SAP) it can be assumed that the involvement of baroreflex control is negligible and SAP changes are primarily the result of modifications of the ventricular filling and diastolic runoff associated to RR variations. In addition, the analysis of the RR-SAP causality has a more practical consequence: indeed, if the dominant causal direction of the interactions is from RR to SAP, the baroreflex sensitivity cannot be assessed based on spontaneous RR and SAP variabilities using methods assuming that the dominant causal direction is from SAP to RR (e.g. spectral and crossspectral methods) (16, 23, 33) . Indeed, the use of these methods under a prevailing temporal direction from RR to SAP does not allow the estimation of the baroreflex sensitivity but the gain of the feedforward relationship from RR to SAP (30) .
The traditional assessment of the RR-SAP causality is based on the evaluation of the phase of the RR-SAP relationship at a given frequency (20) . Unfortunately, RR-SAP phase diagram is not fully helpful in establishing causality due to phase multiples (i.e. the same phase value might be compatible with both causal directions). As a consequence, the assessment of phases is followed by their transformation into delays (or advancements) and comparison with baroreflex latency (8, 37) . If the observed delays are not compatible with baroreflex latency, the null hypothesis of baroreflex involvement is rejected. This procedure is helpful only to reject the null hypothesis of causality from SAP to RR but it is unable to provide information about the dominant causal direction in the RR-SAP interactions. In addition, this procedure requires the knowledge of the baroreflex latency. Unfortunately, baroreflex latency in man is unknown in physiological conditions, solely estimated after applying an external stimulus and affected by physiological variability (7, 9) .
We exploit and validate an approach for the assessment of the RR-SAP causality based on the estimation of the information transferred from SAP to RR along baroreflex (i.e., the information carried by RR given SAP) and on its comparison with that conveyed along the opposite causal direction (i.e., from RR to SAP) (13, 31, 35) . According to this approach the dominant causal direction allows the largest reduction of the information transfer (i.e. the best prediction of a signal given the other). First, the approach was validated in short-term and longterm heart transplant (STHT and LTHT) recipients (i.e. less than and more than two years after transplantation respectively) (39) . Indeed, we hypothesized that the approach can detect the absence of causal link from SAP to RR in STHT recipients (6) and its restoration in LTHT recipients (5, 39) . Then, the approach was exploited to assess the causal relationships between RR and SAP as a function of the magnitude of the gravitational stimulus imposed through graded head-up tilt (18, 32) . We hypothesized that the RR-SAP causal relationships depend on the level of baroreceptor input (8) . A more traditional approach based on phase diagram was carried out for comparison.
METHODS

Experimental protocol on heart transplant recipients
Data belong to a large database designed to study the restoration of cardiovascular control after heart transplantation (39) . Subjects were divided into two groups: 8 STHT recipients (7 male, 1 female) less than (or equal to) 24 months after orthotopic heart transplantation (9.7 8 months, mean sd); 11 LTHT recipients (9 males, 2 females) more than 24 months after transplantation (69 23 months). The STHT group aged 50 4 years and body mass index was 27 2 kg/m 2 . The LTHT group aged 56 9 years and body mass index was 26 6 kg/m 2 . Standard immunosuppression therapy was performed. All the recipients were free of moderate or severe rejection. After transplantation, the left ventricular ejection fraction was restored to normal values in both population (57 8% and 54 7% in STHT and LTHT groups respectively). An informed consent was obtained from all subjects. The protocol adhered to the principles of the Declaration of Helsinki. The ethical review boards of the Departments of Cardiology and of Cardiac Surgery, Erasme Hospital, approved the protocol.
In all the subjects surface ECG (lead II), arterial pressure (Portapres, TNO, Amsterdam, The Netherlands) and respiration (Respitrace, Ambulatory Monitoring, NY, USA) was recorded at rest in supine position (REST). Sampling rate was 1000 Hz.
Experimental protocol on healthy subjects
We studied 17 nonsmoking healthy humans (aged from 21 to 36 years, median=29 years; 9 females and 8 males). All the subjects had no history and no clinical evidence of any disease.
They did not take any medication. They refrained from consuming any caffeine or alcoholcontaining beverages in the 24h before the recording. All the experiments were performed in the morning. The subjects were on the tilt table supported by two belts at the level of thigh and waist respectively and with both the feet touching the footrest of the tilt arterial pressure signal was cross-calibrated in each session using a measure provided by a sphygmomanometer at the onset of REST. The auto-calibration procedure of the arterial pressure device was switched off after the first automatic calibration at the onset of the session. Analyses were performed after about 2 minutes from the start of each period.
Beat-to-beat variability series extraction
After detecting the QRS complex on the ECG and locating the R-apex using parabolic interpolation, RR was calculated as the time distance between two consecutive parabolic apexes.
The maximum of arterial pressure inside RR was taken as SAP. The occurrences of QRS and SAP peaks were carefully checked to avoid erroneous detections or missed beats. RR= RR(i), i=1,…,N and SAP= SAP(i), i=1,…,N were extracted on a beat-to-beat basis, where i was the progressive cardiac beat number and N was the series length. SAP(i) was taken inside RR(i (9); ii) the time after single arterial carotid baroreceptor stimuli occurring to the heart period to decline to control level (i.e. effects of stimulation are exhausted by 3 s) (4) . If the calculated delay was larger than 0.24 s and shorter than 3 s, it was assumed to be compatible with a working baroreflex.
RR-SAP causality assessment based on cross-conditional entropy
The cross-conditional entropy (CCE) of RR given SAP (CCE RR-SAP ) was utilized to assess the amount of information carried by the current RR sample (i.e., RR(i)) when L past samples of SAP were known (i.e., SAP(i), SAP(i-1), …, SAP(i-L+1)) (28). CCE RR-SAP represented the difficulty in predicting RR given SAP. It was bounded between 0 and the Shannon entropy of RR (SE RR ) quantifying the amount of information carried by RR when SAP was not given. The CCE RR-SAP was 0 when RR was completely predictable given SAP and it was equal to SE RR when the knowledge of SAP was not helpful to reduce the uncertainty of RR. In the calculation of CCE RR-SAP the L past samples of SAP conditioning RR(i) included the current sample of SAP (i.e., SAP(i)). This choice was made to account for fast vagal actions that allowed SAP(i) to affect RR(i) within the same beat along baroreflex. By reversing the role between RR and SAP, the CCE of SAP given RR (CCE SAP-RR ) could be estimated (19, 28) . In the calculation of CCE SAP-RR the current RR sample (i.e., RR(i)) was excluded from the pattern of L past samples
indeed, RR(i) was not ended yet when SAP(i) occurred.
In order to estimate CCE RR-SAP the approach set in Porta et al (28) was adopted. Both RR and SAP series were uniformly quantized over bins with =6. This value was selected as the best compromise between an acceptable reproduction of the original dynamics and a consistent approximation of the probability given short series (i.e., N=256) (31). The CCE RR-SAP was substituted with the corrected CCE RR-SAP (CCCE RR-SAP ) since CCE RR-SAP became unreliable as a function of L. Indeed, it decreased very rapidly toward 0 with L independently of the ability of SAP to fully predict RR. Conversely, the CCCE RR-SAP decreased to 0 only when RR was completely predictable given SAP, remained to the maximum value (i.e., SE RR ) when RR was fully unpredictable given SAP and showed a minimum when the knowledge of SAP is helpful to reduce the uncertainty associated to RR. The minimum of CCCE RR.SAP was divided by SE RR , thus obtaining a normalized index ranging from 0, null uncoupling, to 1, full uncoupling (31).
The normalized minimum of the CCCE RR-SAP measured the degree of uncoupling along baroreflex (i.e., from SAP to RR). The normalized index was complemented to 1, thus deriving the coupling index (CI RR-SAP ) measuring the strength of the coupling along baroreflex. By reversing the role between RR and SAP, the CI SAP-RR along the feedforward pathway (i.e., from RR to SAP) could be derived. Normalized directionality index (NDI) was defined as NDI=(CI SAP-RR CI RR-SAP )/(CI SAP-RR +CI RR-SAP ) (24, 34) . Negative values of NDI indicated that the dominant causality was from SAP to RR along baroreflex, while positive ones indicated the prevalence of the opposite causality, from RR to SAP along the feedforward pathway.
Statistical analysis
We performed unpaired t-test to check the significance of the differences of NDI between and, in this case, the percentage of subjects with a significant correlation was evaluated.
Statistical analysis was carried out using a commercial statistical program (Sigmastat, SPSS, ver.3.0.1). A p<0.05 was always considered as significant. NDI was found positive in 8 out of 8 STHT recipients, while it was positive in 5 out of 11 LTHT subjects. NDI distribution passed normality test. NDI in STHT group (median=0.013) was significantly larger than in LTHT group (median=-0.002). We found that NDI was linearly associated to the number of months after transplantation ( Fig.1 ) with a Pearson product moment correlation equal to -0.6 (p=0.007). Correlation was negative, thus suggesting that causal direction from SAP to RR became more and more apparent as a function of the time elapsed after heart transplantation. Figure 2 shows the individual values of Ph RR-SAP (LF) (Fig.2a) and Ph RR-SAP (HF) (Fig.2b) during graded head-up tilt protocol. Only Ph RR-SAP (LF) distribution passed normality test. The median of Ph RR-SAP (LF) was 1.17 radians at REST and did not vary with tilt table inclination.
RESULTS
RR-SAP directionality in STHT and LTHT recipients
RR-SAP directionality during graded head-up tilt
The Ph RR-SAP (HF) was around 0 at REST (the median was 0.04 radians and 47 percent of the subjects had positive Ph RR-SAP (HF)). Ph RR-SAP (HF) during T was not significantly different from that at REST even though there was an insignificant tendency to become negative (during T75 the median was 0.33 radians and 70 percent of the subjects had negative Ph RR-SAP (HF)). Global linear regression analysis carried out over all the data pooled together up to T75 did not suggest any association between either Ph RR-SAP (LF) or Ph RR-SAP (HF) and tilt table angles: indeed, the null hypothesis of slope equal to 0 could not be rejected. (Fig.3a) and RR-SAP (HF) (Fig.3c) . Open circles, down triangles and up triangles indicate the values of delays (or advancements) obtained from phase multiples with k equal to 0, +1 and -1. The range of delays compatible with a working baroreflex is delimited by two dotted lines. When focusing on the LF band a large amount of symbols dropped between the two dotted lines (Fig.3a) , thus indicating that a large amount of latencies was compatible with a working baroreflex. The percentage of subjects characterized by a delay compatible with a working baroreflex was independent of the tilt table inclination and always above 82 percent (Fig.3b) .
When focusing on the HF band symbols dropping between the two dotted lines had different shapes (i.e. delays were obtained from different phase multiples, Fig.3c ) and the percentage of subjects with a delay compatible with a working baroreflex increased as a function of tilt table angle (Fig.3d) . (Fig.4a) , coupling index from RR to SAP, CI SAP-RR (Fig.4b) and normalized directionality index, NDI (Fig.4c) during graded head-up tilt. The distribution of all these indexes passed normality test. While CI SAP-RR did not vary with respect to REST, CI RR-SAP increased when the tilt table inclination was larger than or equal to 60 degrees (i.e., during T60 and T75). The NDI tended to be positive at REST (median=0.01, 65 percent of the subjects had positive NDI), thus suggesting the larger importance of the temporal direction from RR to SAP than that from SAP to RR, and to be negative during T75 (median= 0.014, 65 percent of the subjects had negative NDI), thus indicating the increased importance of the reverse causality.
The decrease of NDI with respect to REST was significant during T75. Global linear regression analysis suggested a significant correlation of CI RR-SAP and NDI (Figs.4a,c) Fig.4b) .
DISCUSSION
The main findings of this study can be summarized as follows: i) at difference with traditional approaches exploited to infer RR-SAP causality, the proposed causal test does not require the introduction of the notion of baroreflex latency; ii) the proposed test detects the inability of SAP changes to drive RR variations in STHT recipients; iii) causal interactions from SAP to RR progressively increase as a function of the time elapsed from heart transplantation; iv) in healthy subjects baroreflex coupling progressively increases as a function of the tilt table inclination, while feedforward coupling remains constant; v) while the prevalent causal direction is from RR to SAP at REST in healthy subjects, a gradual reversal of causality with the tilt table angles is observed.
Assessing RR-SAP causality based on an information domain approach
In the present study we applied an information domain approach to typify directionality in the RR-SAP interactions (13, 31, 35) . The method is based on the assessment of the information carried by RR given SAP (i.e. the information transferred along the baroreflex pathway) and its comparison with the information transferred along the reverse causal pathway (i.e. from RR to SAP). The direction conveying the smaller amount of information is defined as the dominant causal direction: for example, if the knowledge of SAP is more helpful to predict RR than vice versa (i.e. the information transfer from SAP to RR is lower than vice versa), it can be hypothesized that the link from SAP to RR (i.e. baroreflex) is more actively involved than the reverse feedforward pathway (i.e. from RR to SAP), and, accordingly, the dominant temporal direction is from SAP to RR. 
RR-SAP causal relationships in STHT and LTHT recipients
Heart transplantation opens baroreflex loop since SAP changes sensed by baroreceptors does not induce any RR change in the denervated donor heart. The small beat-to-beat RR changes at the respiratory rate observed in STHT recipients were attributed to the donor atrium stretch produced by the respiratory-related changes of the venous return (6) . Two years after heart transplantation in LTHT recipients, beat-to-beat RR changes at frequencies slower than respiration are commonly detectable and this finding has been utilized to support the hypothesis of cardiac sympathetic efferent reinnervation after heart transplantation (39) . External stimulation of the carotid sinus using neck chamber suggested the possible baroreflex origin of the slow RR fluctuations in LTHT recipients (5) . In presence of an external stimulation produced, for example, by vasoactive drug administration or neck chamber device, the observed RR variations can be assumed to be causally-linked to SAP changes. In absence of any external stimulation the causal direction of the interactions is unknown and can be inferred according to the application of the proposed causality test. We found that in STHT recipients NDI is positive in all the subjects, thus suggesting that the small RR changes imposed by respiratory-related stretch of the donor atrium are sufficient to drive part of SAP variations through the mechanical feedforward, while the reverse pathway (i.e. baroreflex) is inactive (6) . In agreement with
Bernardi et al (5) we found that in LTHT recipients causality from SAP to RR is restored in 54 percent of the subjects, thus suggesting a recovery of spontaneous baroreflex regulation. Since parasympathetic reinnervation is excluded (1), the restoration of the causal link from SAP to RR might occur through a sympathetic efferent reinnervation process. Interestingly, NDI is linearly related to the time elapsed after heart transplantation: the larger the time after transplantation, the more negative the NDI, the more important the involvement of spontaneous baroreflex in regulating RR. This result prompts for the use of NDI to monitor the degree of restoration of spontaneous baroreflex regulation in heart transplant recipients. This result is not in disagreement with the finding reporting the lack of bradycardia in response to phenylephrineinduced raise of SAP (i.e. null baroreflex sensitivity) up to 96 months after heart transplantation (1). Indeed, having a null baroreflex sensitivity does not imply the absence of any causal link from SAP to RR. The restoration of the causal link from SAP to RR is a prerequisite for the improvement of baroreflex sensitivity. These data suggest that causality from SAP to RR recovers more rapidly than baroreflex gain.
RR-SAP causal relationships during graded head-up tilt
The comparison of the coupling strengths calculated along the two opposite causal pathways (i.e. from SAP to RR and from RR to SAP) suggested that the dominant temporal direction of the interactions was from RR to SAP at REST: indeed, NDI was larger than 0 in 65 percent of the subjects. On the contrary, the reverse temporal direction gained importance during T (during T75
NDI was significantly decreased with respect to REST and smaller than 0 in 65 percent of the subjects). In addition, we found that NDI progressively became more negative as a function of the tilt table inclination, thus suggesting that causality in the RR-SAP closed loop interactions depends on the magnitude of the gravitational stimulus: the higher the tilt table inclination, the larger the involvement of baroreflex in controlling heart rate, the more prevalent the causal direction from SAP to RR with respect to that from RR to SAP. Since SAP mean did not change during the experimental protocol (Tab.2), the more and more important involvement of baroreflex as a function of the tilt table inclination is more likely to be related to the unloading of cardiopulmonary baroreceptors consequent to the decrease of the central blood volume than to that of arterial baroreceptors. It is also possible that the progressive reduction of venous return makes the effect of respiration on arterial pressure more pronounced, thus producing a stronger activation of arterial baroreflex in absence of significant changes of the mean SAP. When regression analysis was carried out individually only 29 percent of the subjects showed a significant linear relation of NDI on tilt table angles. This disappointing result is related to the large variability of NDI compared to the limited slope of the regression line. Alternative methods for assessing NDI (21, 24, 27, 40, 41, 43) might improve this performance.
A traditional approach based on phase diagram is not helpful per se to infer causality due to its inherent ambiguity (both negative and positive values are correct due to phase multiples). As a likely result of this ambiguity we found that phases at HF are insignificantly related to tilt table inclination, even though a trend is recognizable. In addition to the impact of phase wrapping, the lack of efficiency of phases with respect to NDI in assessing causality can be ascribed to the more serious influence of noise rendering more likely phase jumps and to the inability of a linear This study has important consequences on the estimation of the baroreflex sensitivity based on spontaneous variabilities. Indeed, the baroreflex sensitivity, when estimated from spontaneous variability, should be considered reliable only in the case that the temporal direction of the interactions is from SAP to RR. Indeed, only in this case SAP variations are converted into RR changes according the value of the baroreflex gain. Methods based on cross-correlation, crossspectral and spectral approaches (16, 23, 33, 42 ) assume a priori that causality is from SAP to RR and do not provide any tool to rigorously test this hypothesis. The proposed approach provides a viable and efficient way to test the hypothesis of the involvement of baroreflex in controlling RR. It might be helpful to explain the inconsistencies between baroreflex gain estimates derived from spontaneous variabilities and the gold standard based on the administration of a vasoactive drug (17) and differences detected among different methods exploiting spontaneous RR and SAP variabilities (16, 38) .
Limitations of the study and future developments
The proposed approach has the limitation that it is unable to account for the joint exogenous influences of respiration on RR and SAP variabilities (2, 11, 14) . It is worth stressing that even traditional approaches based on phase diagram (8) This study exploits an approach based on cross-conditional entropy to assess causality. In the information domain various functionals can be fruitfully exploited, for example cross-mutual information (21, 27) and conditional mutual information (24, 40) . Promising approaches applied these functionals after a suitable transformation of the original series into sequences of symbols according to a predefined code (41, 43) . Comparative studies are necessary to understand whether there is a method more efficient than others. These comparative studies should involve even model-based methods defined in time (12, 25) or frequency (30) domains.
Perspective and significance
The study applied a method to assess causality in RR-SAP interactions that does not require to artificially open baroreflex loop (i.e. it works in closed loop physiological conditions) and to introduce the notion of baroreflex latency. The study confirms that the buffering role of RR changes over SAP variations depends on the body position (8, 37) . Since at rest in supine position RR changes cannot be assumed a priori to be mediated by SAP variations, we stress the need to check causality from SAP to RR before applying non causal methods for the estimate of baroreflex sensitivity from spontaneous RR and SAP variabilities. We follow the approach set in (28) to prevent the artificial decrease of the information carried by RR given SAP with L. We define the corrected CCE RR/SAP (CCCE RR/SAP ) 
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